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ABSTRACT 	  
Augmentation of a Knit Structure with Increased Suture Retention and Poly (Glycerol 
Sebacate) Coating for Rotator Cuff Repair Graft Applications  
Kayla JoyL Wroblesky 
 
 Rotator cuff repair can be augmented through the use of a patch or graft. The 
ideal graft aim is to withstand the mechanical forces imposed on the torn tendon as 
well as induce healing and repair. The study demonstrates the application of Secant 
Medical's Knit Mesh as a rotator cuff patch and augments both the suture retention 
and biologic compatibility through the design of a suture buttress and poly (glycerol 
sebacate) coating, respectively. 
 The materials and methods involved coated and uncoated knit specimens that 
were tested to failure in tension to determine their material properties. The suture 
retention of the coated and uncoated knit as well as the buttress augmented construct 
were tested until failure and evaluated through peak analysis. 
 The outcome shows that the knit was successfully coated resulting in 
increased mechanical and suture retention properties. The addition of the buttress 
increased the suture retention of the unaugmented knit significantly. 
 In conclusion, the combination of the coating and buttress resulted in a rotator 
cuff graft construct. The coating provided mechanical benefits in addition to the 
research based biologic benefit. Further research must be conducted to better integrate 
a buttress-like structure into the knit, decreasing the microbreaks and potentially 
increasing the maximum load into physiologically relevant ranges.
ix 
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CHAPTER 1: INTRODUCTION TO ROTATOR CUFF INJURY AND 
REPAIR 
 The rotator cuff of the shoulder joint is comprised of four muscle-tendon units 
including: supraspinatus (SST), infraspinatus, subscapularis and teres minor. These 
four muscle-tendon units work to stabilize the glenohumeral joint of the shoulder as 
well as control the shoulder kinetics. With 40% of the population over the age of 60 
affected by rotator cuff (RC) tears, and 35,000-75,000 RC repairs performed annually 
in the United States [1] [2] [3] [4], there is a fairly large population affected by direct 
trauma or degradation of the RC tissues. Due to the complex nature of the 
glenohumeral joint and hypovascularization of RC tendons after injury, clinical 
intervention is required [4]. In conjunction with 20-70% failure rates contingent on 
age, tear size, fatty infiltration and muscular atrophy [1] [2] [3] [5] [6], it is evident 
that there is an unmet clinical need for successful RC augmentation.  
 The most commonly torn RC tendon is the SST, with 58-80% of progressing 
tears moving posteriorly into the infraspinatus [7] [8]. Due to a complex loading 
environment at the glenohumeral joint, the SST experiences multiaxial tensile, 
compression and shear forces [9]. A tear occurs when the strength of the SST or other 
RC tendon is less than the stresses imposed on the tendon, with the SST rupturing at 
or near the insertion to the greater tuberosity (Figure 1.1 and Figure 1.2) [8].  
 Itoi et al performed mechanical testing on healthy cadaveric shoulders to 
distinguish the elastic modulus of the anterior, middle and posterior sections of the 
SST. The anterior specimens resulted in a modulus of elasticity of approximately 175 
MPa with the middle and posterior regions ranging between 50 and 75 MPa [8]. 
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Matsuhashi et al also completed mechanical testing to determine the elastic modulus 
of the anterior and posterior insertion sites of the SST resulting in 592.4±237.4 MPa 
and 217.7±102.1 MPa respectively [10].  
 
 
 
 
Figure 1.1: (A) Right shoulder showing myotendinous units. (B) Anatomic model showing 
footprint of supraspinatus tendon (green), infraspinatus tendon (red) and subscalpularis 
tendon (blue) with the humeral head indicated in yellow. Taken from [11]. 
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Figure 1.2: Example of a single tendon RC tear as indicated by the arrow. Taken from [12]. 
 
 
 
 Tendons display a nonlinear stress-strain behavior with an initial toe region 
characterized by low stiffness and a linear region characterized by high stiffness [9]. 
Collagen fiber organization plays a role in this nonlinearity due to SST fiber 
realignment under load and fibril uncrimping [9]. Lake et al conducted tensile testing 
on healthy cadaveric SSTs determining significant fiber realignment in the toe-region 
with an example of a bilinear fit of the stress and strain data represented in Figure 1.3 
[9]. Tendons normally exhibit a toe region up to 2% strain and obtain their elastic 
properties at strains of less than 4% [13]. Microscopic failure then occurs up until 
macroscopic failure at 8-10% strain [13]. 
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Figure 1.3: Bilinear fit of stress-strain tensile data with the toe-region between the zero and 
transition value and the linear region after the transition value. Taken from [9]. 
 
 
 
 RC repairs can be performed by means of arthroscopy, mini-open, or open 
surgeries with the percentage of repairs being 14.5%, 46.2% and 36.6%, respectively 
[14].  Arthroscopic repairs are minimally invasive through use of four portals (Figure 
1.4); however, these portals limit the suturing methods or configurations available to 
surgeons. This surgical technique allows the deltoid muscle to be preserved resulting 
in less postoperative pain and improved mobilization of the RC [14]. Open and mini 
open surgeries allow for additional suturing techniques, which allows for a stronger 
grasp on the tendon [14]. From 1996 to 2006, arthroscopic repairs increased by 530% 
compared to a 21% increase in open repair [14].  
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Figure 1.4: Arthroscopic portals used in RC repair. Taken from [12]. 
 
 
 
 The ultimate goal of RC repair is to reattach the torn tendon into its natural 
bony footprint [15]. The SST footprint is characterized by a triangular shape with 
anterior to posterior and medial to lateral dimensions ranging from 16 to 25 mm and 
12 to 16 mm, respectively [6]. After incision, surgeons use different suturing 
techniques based on tendon viability, tissue quality and muscle retraction in order to 
reattach the torn tendon to the humeral head (Figure 1.5). Based on the surgeon’s 
assessment, a graft may also be utilized. Non-augmented repairs commonly fail due 
to tears running parallel to the tendon fibers which is due to the anisotropy of tendon 
tissue and not the strength of the fibers themselves [16]. 
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Figure 1.5: Coronal plane view of the reinsertion of the tendon to the humeral head. Taken 
from [17]. 
 
 
CHAPTER 2: GRAFTING BACKGROUND AND SUTURE RETENTION 
2.1 Suturing Types 
 Multiple suturing techniques are available in order to secure a damaged 
tendon to the insertion site restoring its natural footprint. Suture decisions are made 
based on multiple factors, a few including: severity, location, and type of surgery. 
Modified suturing techniques and surgeon specific suturing also increase the number 
of suturing types available. The suture-tendon interface is the weakest link in RC 
repair; therefore, the goal of suturing is to improve fixation of the torn tendon as well 
as tendon grasping [18]. RC repair failure can result when sutures cut through the 
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tendon, slipping parallel to the longitudinal tendon fibers [18] [19] (Figure 2.1). For 
the purposes of this study, the simple suture, Mason Allen stitch and graft attachment 
will be explained.  
 
 
 
 
Figure 2.1: Characteristic suture tear through failure pattern with arrow indicating humeral 
head positioning. Taken from [16].  
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Figure 2.2: A simple suture. The simple suture is a single stitch running parallel to the 
tendon. Taken from [20]. 
 
 
 
 A simple suture is characteristic of a single pass through the tendon and acts 
as the baseline stitch (Figure 2.2). Suture configuration is a vital aspect to the success 
of the procedure, and the reinsertion of the tendon to the bony footprint. Reinforced 
stitches are commonly used for better tendon grasping and have been studied to 
determine load to failure strength. The Mason Allen stitch, as seen in Figure 2.3, is a 
reinforced stitch consisting of both a simple suture and a horizontal mattress stitch 
passed through the same suture anchor [19]. The Mason Allen has shown superior 
ultimate loads compared to simple and mattress stitches [19]. 
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Figure 2.3: A Mason Allen stitch with a horizontal mattress and single stitch. Taken from 
[19]. 
 
 
 
 When utilizing a graft, two types of graft securing methods can be used. The 
torn RC tendon can be repaired by means of a suturing technique with the graft 
attached over the entire repair site [21]. Figure 2.4 demonstrates an ECM graft with 
short-tailed interference knits (STIK) securing the graft over the sutured tendon [22]. 
For purposes of this research, a graft can also be incorporated into the repair site 
within the selected suturing technique. Figure 2.5 demonstrates an ECM graft within 
a suture bridge suturing technique, restoring the tendon natural footprint. Figure 2.6 
also portrays a graft incorporated into the suture bridge technique at the humeral head 
with additional sutures used to secure the medial portion of the tendon to the graft.  
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Figure 2.4: Example of graft with short-tailed interference knots (left) and entire repair 
construct (right). Taken from [22]. 
 
 
 
 
Figure 2.5: Example of an augmented repair where the graft is incorporated into the suture 
technique. Taken from [23]. 
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Figure 2.6: Example of an augmented repair where graft is incorporated into the suture 
technique with simple sutures securing the excess graft to the tendon. Taken from [24]. 
 
 
 
 Suture type is also an important aspect of suturing to ensure the sutures 
themselves do not fail. Ethibond sutures in particular have been shown to withstand 
the maximum loads experienced by the RC, in addition to absorbable and Kevlar core 
sutures [12].  
2.2 Types of Grafts  
 Suboptimal RC repair results have led to the development of scaffolds for 
healing across tissue defects and enhancement by means of shielding the cuff repair 
from stresses imposed on the repair construct [3]. An augmentation graft is placed 
over the repair site to enhance the mechanical properties of the repair [25]. Massive 
tears, which result in tendon retraction, can use grafts as interpositional or bridging 
patches by suturing the edge of the native tissue with a simple suture [15]. There are 
multiple types of grafts including: synthetic, xenografts, human allografts, and human 
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dermal allografts [3]. Currently, extracellular matrix (ECM) scaffolds, consisting of 
processed human or animal tissue, are on the market in order to provide mechanical 
support, enhance suture retention, and/or incorporate the biologic properties 
necessary for improved tissue healing [5]. Based on the structure, ECM grafts also 
provide a scaffold for new tissue ingrowth [23]. Although biocompatible, ECM grafts 
have the possibility of incomplete acellularization, with some grafts found to maintain 
native DNA [25], which is suspected to increase antigenicity [5]. In addition, devices 
made from small intestine submucosa (SIS) and dermis show little promise in 
mechanical strength, with linear moduli a magnitude lower than native tendon, 
whereas fascia lata based devices show more promise in augmentation [5]. In vivo 
testing determined that current ECM devices allow for cell infiltration of varying 
degrees leading to eventual replacement by organized tissue. However, these repairs 
lack the mechanical properties of native tissue, which is necessary to reduce forces on 
the tendon repair during postoperative healing [5]. 
 GraftJacket, an acellular human dermal matrix allograft, was utilized in a 
randomized clinical study of patients undergoing arthroscopic large, two tendon RC 
repair conducted by Barber et al. Although operation time increased between 30-60 
minutes for augmented patients, the arthroscopic method avoided open incisions and 
decreased the possibility for infection [26]. At 1+ years post operation, 85% of the 
augmented group and 40% of the non-augmented group showed intact cuffs [26]. 
 Currently, there are three well-known synthetic grafts, X-Repair, SportMesh™ 
and Biomerix RCR Patch for RC augmentation, which are commonly less expensive 
than ECM grafts. SportMesh™ is a knitted textile composed of poly(urethane urea) 
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while Biomerix is a nonresorbable polycarbonate poly(urethane urea) mesh [3]. The 
muscle tendon unit experiences decreased mechanical properties after a tear, which 
affects the repair characteristics and may lead to the common anatomic failure; 
therefore, nonresorbable grafts may provide permanent support necessary to decrease 
this failure rate [25]. Encalada-Diaz et al conducted an augmented Biomerix RCR 
Patch open repair study of small and medium full thickness supraspinatus or 
infraspinatus tears. After 12 months, magnetic resonance imaging (MRI) indicated 
healing in 90% of patients [25].   
 X-Repair is a poly-L-lactide (PLLA) woven graft capable of increasing the 
yield load by a mean of 150 N and ultimate load by a mean of 295 N compared to 
non-augmented RC repairs [1]. In one study, X-Repair resulted in repair failure in 7 
of 20 cadavers due to suture pulling through the tendon compared to failures in 17 of 
20 non-augmented repairs [1]. This increase in suture retention shows promise for 
clinical applications because the suture-tendon junction is commonly a weakness in 
this repair; however, it should be noted that the SST cadaver samples were not torn to 
the magnitude normally justified in using a graft [16]. Based on this data, 35% of the 
repairs still failed due to retention issues, resulting in a large market for synthetic 
graft suture strength augmentation.  
 Chaudhury et. al determined the maximum simple suture retention loads of 
four currently marketed repair patches. Permacol™, Restore®, GraftJacket® and 
SportMesh™ are made of porcine dermis, porcine SIS, human dermis and 
poly(urethane urea), respectively. Permacol™ resulted in the greatest suture load of 
30.22±7.88 N with Restore® having the lowest of 7.09±1.50 N [27]. The synthetic 
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SportMesh™ resulted in a slight increase to 16.38±1.58 N [27]. Tendons normally 
operate in an active mechanical environment of 30 to 40% of their ultimate tensile 
strength, with the SST specifically within 25 to 30% [28]. The SST has been tested to 
failure resulting in a peak tensile load of ~1000±400 N [29]. Based on these values, 
even within the biological range of the native SST tissue, the suture retentions of all 
four tested grafts are not optimal.  
 In addition to suboptimal suture retention of synthetic grafts, the 
biocompatibility is also less than satisfactory with numerous long-term complications 
including: degradation, failure, infection, and inflammation of joint capsules [30]. 
Limited in-growth potential as well as foreign material reaction is also a concern 
when dealing with synthetic grafts [3]. 
CHAPTER 3: TEXTILE AND POLY GLYCEROL SEBACATE 
BACKGROUND 
3.1 Secant Medical® Knit Mesh Overview 
 
 Secant Medical® Knit Mesh is a 40 denier, polyethylene terephthalate (PET) 
plain knit. Denier is indicative of fiber diameter size, with 40 denier resulting in 10-
15 µm fibers. A plain knit consists of stitches knitted consecutively in the course 
direction with loops interconnecting in the wale direction (Figure 3.1) [31]. A plain 
knit is also anisotropic, with higher tensile strength in the wale direction and higher 
deformation in the course direction (Figure 3.1) [31].  
 When undergoing tensile testing, the behavior of a knit fabric is characterized 
by a jamming and linear phase [31]. Jamming corresponds to yarn slipping between 
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loops and eventually resulting in transverse compression of fibers [31]. After the 
fabric is fully jammed, the stitch legs begin to experience the majority of tensile 
stresses resulting in a rapid increase in load corresponding to the higher modulus 
region [31]. 
 
 
	  
Figure 3.1: Plain knit fabric at (a) initial sate, (b) stretched in wale direction and (c) 
stretched in course direction. Taken from [31]. 
 
 
 
 
Figure 3.2: General behavior of plain knit tensile properties. Taken from [31]. 
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 As previously stated, tendons are also comprised of fibers. SST collagen 
fibers are 57±3 and 51±3 nm in healthy and injured tissues, respectively with scar 
tissue and decreased tendon strength associated with the reduction in collagen 
diameter [32]. Erisken et al fabricated 320±100 nm, 680±180 nm and 1.80±0.16 µm 
electrospun poly(D,L-lactide-co-glycolide) (PLGA) scaffolds and determined human 
tendon fibroblasts were guided by fiber diameter, with cells aligning and elongating 
more significantly on the larger 1.8µm scaffold [32]. The study did not explore larger 
fiber diameter, potentially due to the electrospinning technology limitation. The Knit 
Mesh is about five times larger than the tested scaffolds; however, the fiber diameter 
would most likely still result in aligned and elongated cells. 
 Non-commercialized synthetic grafts in the development phase are also being 
tested in vitro. Moffat et al created a degradable 400-700nm electrospun PLGA 
nanofiber scaffold for RC repair [4]. Nanofibers have shown promising results in 
ligament tissue engineering due to their biomimetic potential and resemblance to 
native tendon ECM [4]. Human rotator cuff fibroblast cells were harvested and 
seeded on the scaffolds resulting in an elongated morphology in the orientation of the 
fiber long axis, mimicking the underlying substrate [4]. The study concluded that the 
organization of these fibers dictated the cellular response as well as the scaffold 
mechanical properties imperative for graft design in a RC repair [4]. The knit 
structure provides a consistent, aligned substrate for cells to attach to and proliferate. 
Compared to an electrospun patch, a standardized knitting pattern would be beneficial 
both for manufacturing and quality. 
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 PET is commonly used in various cardiovascular, orthopedic and soft tissue 
devices [33]. In a recent study, PET woven tubes were analyzed for potential cruciate 
ligament replacement resulting in no change of proliferation and necrosis rates of 
human umbilical arterial smooth muscle cells (HUASMC) compared to plain media 
controls [33]. Particularly in vascular applications, research has been conducted on 
antithrombogenic material coatings, like polyvinylidene fluoride (PVDF), to 
eliminate the material’s mildly thrombogenic properties [34]. PET has the surface 
capabilities and wettability for coatings, allowing for the manipulation of its 
properties. At this time a PGS coating for tendon application has not been reported.  
3.2 Current PGS Applications and Implications 
 Unlike the thermoplastic PLA, PGS is an elastomeric, biodegradable 
thermoset with a modulus of 0.025-1.2 MPa depending on material processing [35]. 
Elastomeric mechanical properties mimic soft tissue and have therefore gained 
popularity in medical applications [36]. The mechanical properties of PGS can be 
manipulated through curing time and pre-polymer synthesis temperature, with higher 
temperatures and curing times resulting in a stiffer, higher crosslinked material [37].  
 Unlike other biomaterials, PGS degrades in vivo into natural metabolites, 
glycerol and sebacic acid, which helps to minimize the host inflammatory response 
[35]. The in vivo degradation half-life of PGS is approximately 21 days per mm 
subcutaneously [38]. PGS biocompatibility studies with 3T3 fibroblast cells have 
shown higher growth rate and similar native morphology when compared to PLGA, 
the copolymer of lactic acid and glycolic acid [39]. The inflammatory response of 
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PGS is comparable to PLGA; however, PGS induces little to no fibrous capsule 
formation [39].  
 Although an ideal material from a biological response perspective, many 
medical applications require sutures and a degree of porosity in order to promote 
cellular attachment and ingrowth; however, porous PGS scaffolds have limited suture 
retention capabilities [35]. Jeffries et al demonstrated co-blended PGS and poly vinyl 
alcohol (PVA) fibrous electrospun scaffolds resulted in higher retention however 
PVA was not fully removed from the final construct and processing resulted in tightly 
packed pores [35]. As one of the limitations to PGS, the ability to create a porous but 
strong construct would open up possible applications for the emerging biomaterial.  
 PGS has been used in multiple tissue engineering applications, such as 
cardiovascular. Kim et al successfully applied an electrospray PGS coating to nitinol 
stents with the coating thickness linearly proportional to PGS concentration [36]. As 
of yet no PGS coatings for tendon applications have been reported.  
 Based on the biological advantages of PGS, both inflammatory and cellular, 
the material would potentially induce cellular attachment and native tissue growth at 
the bone tendon interface in a tendon repair application. Through the use of coating 
technology, a knit structure would provide the suture retention and porosity as 
described in Jeffries and Kim necessary for such an application.  
CHAPTER 4: OBJECTIVES 
 Insufficient mechanical strength and limited biocompatibility of synthetic 
grafts [4] has led to the development of a biologically enhanced, PGS coated plain 
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knit RC repair graft, which incorporates a novel design, herein named a suture 
buttress, to increase retention strength. The proposed construct would be 
biodegradable, which allows for tissue to slowly replace the graft while maintaining 
physiological mechanical properties [4]. The design will be used in open repair 
surgeries and lay flush to the compromised tendon tissue, utilizing suture anchors to 
secure the construct to the humeral head restoring the tendon’s natural footprint. The 
two aims of this project are to 1) demonstrate a RC repair application of Secant 
Medical® Knit Mesh and 2) design a buttress to reinforce suture retention of the 
construct. The objective of the first aim is the quantify the PGS coating effect on 
mechanical properties, while the second aim objectives are to increase retention of an 
unaugmented knit and analyze the failure characteristics for clinical applications.  
 This project will focus on enhancing a basic knit structure, which could then 
be used to replace or develop current synthetic grafts like X-Repair or SportMesh™. 
Alterations in the textile pattern to better match native tendon properties are not 
included in the scope of the design; however, tensile testing will be completed for 
comparisons between the PET graft and the biologically enhanced PGS coated graft. 
 Through the design of a 3D printed buttress, this structure will aim to enhance 
the suture retention of the graft while minimizing the changes to currently used 
clinical procedures. The structure will be fabricated with polylactic acid (PLA) as the 
print material. Investigations of different types of PLA using human fibroblast cell 
cultures have exhibited satisfactory biocompatibility and minor cell inhibition in 
some cases [30]. In human studies, some inflammation has been observed with PLA 
implantation, possibly due to the acidic byproducts of PLA degradation [30].  
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 In addition to enhanced tendon healing, the patch should also induce native 
tissue growth which is essential to the success of the repair, as most tendon repairs 
result in formation of fibrotic scar tissue which has inferior mechanical and structural 
properties compared to native tendon tissue [40]. The design material, as well as its 
topographical structure, plays a role in the proliferation of fibroblast cells, the 
predominant cell type in tendons [40].  
 Both PLA and PET were selected as construction materials based on their 
regulatory usage and history in implantable medical devices. PGS was chosen as a 
coating biomaterial to enhance the biological performance of PET with the potential 
to promote tissue regeneration.  
CHAPTER 5: BUTTRESS DESIGN 
5.1 Buttress Design Deliverables 
 The proposed buttress design will improve the strength of the suture-graft 
junction of the Knit Mesh with the potential to enhance any other commercially 
available graft currently on the market.  
 DeOrio and Cofield classify small, medium, large and massive tears as <1cm, 
1 to 3 cm, 3 to 5 cm, and >5 cm, respectively [41]. Larger tears require greater 
tension to restore the original insertion, which has been associated with greater failure 
rates [42]. Due to the clear disadvantage of large-scale tears, the design is targeted at 
full thickness, large or massive SST tears that are then repaired in open or mini open 
surgery. 
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 The design buttress dimensions will be limited by thickness, width and length. 
Since the buttresses will be used in large to massive tears, the length of the individual 
buttress must not exceed 25mm, the mean insertion width of the SST [43]. Due to the 
rounded nature of the humeral head, a larger length will result in a structure that does 
not lay flush to the graft and native tendon. In addition, the thickness of the buttress 
should not exceed 2.5mm since the thickness of the SST normally spans between 11.6 
and 12.1 mm [43]. It is important not to add additional bulk to the graft construct. The 
width must also not exceed 10 mm, to ensure to buttress stays within the tendon 
dimensions of 12-16 mm medial to lateral [6]. The size constraints are summarized in 
Table 5.1. The buttress must also be free standing to ensure that surgeons may use the 
design to augment any graft material as well as not limit suture placement. It is 
assumed that the proposed design will be used in conjunction with suture anchors or 
bone tunnels; however, neither technique will be used in any testing method.  
 
 
Table 5.1: Summary of buttress size constraints. 
Length Thickness Width 
25 mm 2.5 mm 10 mm 
Mean insertion width of 
SST 
SST thickness 11.6-12.1 
mm 
SST footprint 12-16 mm 
(medial to lateral 
dimension) 
 
 
 
 The design acceptance criteria of the buttress includes biocompatibility and 
increased suture retention. In order to accept the final design, the buttress must utilize 
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a material with history of implantation in order to coincide with the PGS biomaterial 
coating. In addition, the buttresses must also increase the suture retention of the PGS 
coated graft. The buttress must double the unaugmented suture retention, matching 
the highest suture retention graft, Permacol’s™ 30.22±7.88 N load from Chaudhury’s 
study [27].  
5.2 Final Buttress Design 
 Due to the fast and efficient manufacturing process and availability of PLA as 
a print material, 3D printing was utilized for constructing buttress prototypes. With 
this print material kept constant, the dimensions and designs of the buttress were 
manipulated and subsequently tested for preliminary suture strength. Figure 5.1 
demonstrates how the construct would be setup in vivo as well as how it was tested. 
 
 
 
Figure 5.1: Superior view of the shoulder with the buttress and graft construct laying flush to 
the compromised tendon (left) and the MTS testing configuration (right).  
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 Figure 5.2 and 5.3 display the first two designs. Both were designed to have 
two simple sutures passed through them resulting in two upward static forces. The bar 
between the two simple sutures would allow the construct to maintain the SST 
footprint and prevent the graft from collapsing once pulled in tension. A suture notch 
was included to allow the suture to rest within the buttress compared to on top of the 
buttress, which would result in a pinching to oppose the single point forces. The 
purpose of this comparison was to see if the decreased material of Figure 5.3 would 
be comparable to the bulkier Figure 5.2.   
 After initial testing, the ultimate load and failure profile of the buttresses were 
equivalent to the retention of a non-augmented knit. The single sutures were failing 
with the same characteristic pull through. Since the buttress was not attached to the 
textile it was not sufficient in combating the single suture force. It was determined 
that the buttress needed to incorporate into the textile in order to result in an adequate 
normal force.   
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Figure 5.2: Buttress design 1.  	  	  	  
 
Figure 5.3: Buttress design 2.  
 
 
 
 Suturing configuration was considered in order to better secure and 
incorporate the buttress into the knit. The Mason Allen stitch, which includes both a 
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mattress and simple suture, was designed for in order to pinch the buttress between 
the two stitches interlocking the buttress and graft, compared to the previous design 
(Figure 5.4). Although the Mason Allen stitch better secured the buttress to the textile 
because of the opposing mattress stitch, which resulted in better incorporation, there 
was no observed increase in suture retention compared to the non-augmented knit 
retention.  
 
 
 
 
Figure 5.4: Buttress design 3.  
 
 
 
 Since the Masson Allen stitch did not affect the suture retention, simple 
sutures were again designed for with opposing forces. In order to produce these 
opposing forces a new design was formulated which included anchors to suture the 
buttress to the knit. Figure 5.5 represents a buttress with four anchors. Based on the 
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alignment of these anchors, a summation of two forces was able to combat the single 
point force of the simple suture. Based on the addition of anchors and the additional 
suturing required, optimization of the design was necessary. The fourth anchor added 
no additional benefit but increased the surgeon suturing time clinically. Therefore the 
final design included only three suture anchors with a different alignment to ensure 
three opposing forces and a greater surface area for decreased stresses (Figure 5.6).  
 
 
 
 
 
 Figure 5.5: Buttress design 4 
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Figure 5.6: Final buttress design.  
  
 
 
 The final design dimensions can be seen in Table 5.2. This distribution of the 
simple suture force across the anchors resulted in a substantial increase in suture 
retention. The simple suture force was countered and thereby distributed across the 
three anchors. Clinically, this separation of the suture force would better secure the 
graft across the SST footprint.   
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Table 5.2: Final buttress design dimensions.  
Overall (mm) Anchors (mm) Central Opening (mm) 
Length Width Thickness  
Inner 
Diameter 
Outer 
Diameter 
Inner 
Diameter 
Outer 
Diameter 
14 10 2 1.7 5 2 6 
 
 
 
CHAPTER 6: MATERIALS AND METHODS 
6.1 PGS Coating and Sample Preparation 
 To eliminate grip failures during tensile testing, a dumbbell was created based 
on dimensions described by Chaudhry et al. Initially, specimens were measured 
45mm in length and 2mm in width with a 1mm tapered testing width [27]; however, 
the knit pattern was compromised at such a small width. The neck width was then 
increased to 6mm for testing (Figure 6.1). Sixteen samples were cut in the course 
direction and sonicated in 70% isopropyl alcohol (IPA) for 60 minutes. Additionally, 
sixteen other samples were cut into 4x45mm strips in the course direction and washed 
in IPA for 60 minutes for suture retention testing (Figure 6.2). Samples were removed 
and set to dry in a fume hood.  
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Figure 6.1: Schematic of dumbbell used for tensile testing. 
 
 
 
 
Figure 6.2: Dumbbell (left) and suture retention testing specimen (right). 
 
 
 
 A 20% by weight PGS (Secant Medical® Research Grade) in ethyl acetate 
solution was prepared. Eight dumbbells and eight suture retention samples were 
individually dip coated in the solution for 1 minute. The samples were then placed 
30 
	  
back in the fume hood for 15 minutes to flash off solvent. Samples were hung in a 
vacuum oven at 120°C and 10 torr, for 24 hours.  
6.2 Coated and Uncoated Tensile Testing 
6.2.1 MTS Testing 
 A high performance MTS Criterion System was based on a previous study and 
configured with a 500N load cell (MTS Systems Corporation, Eden Prairie, MN, 
USA) and 2kN pneumatic grips for tensile testing. A fabric testing method was 
created with a strain rate of 10mm/min, data acquisition rate of 10 Hz and grip 
separation of 30 mm [27]. Grip strength was consistently set to 12 psi. Textile 
thickness was measured with calipers at three points and averaged for system input. 
Samples were placed taut in grips and both load and displacements were zeroed. The 
coated and uncoated samples were tested until failure. Raw time, force and 
displacement data were exported from system for analysis.  
6.2.2 Textile Suture Retention Testing 
 The same MTS system and method was used for suture retention testing. A 
FiberWire simple suture with a 2.5mm bite was passed through the midline of the 
specimen and tied. This method was based on Chaudhury et al, which determined the 
bite length, not the width of the sample was indicative of the pull out strength [27]. 
The unsutured end was placed in the bottom grip and 20mm of fabric was exposed in 
the 30mm grip separation to the top grip as seen in Figure 6.3. The same test method 
indicated in the tensile testing was used to determine pull off strength, with emphasis 
on the maximum load. Raw data was then exported for analysis.   
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Figure 6.3: MTS suture retention setup. 
 	  	  
6.3 Buttress Design and Testing 
6.3.1 3D Printing 
 The Makerbot Replicator 2x, as seen in Figure 6.4, was loaded with PLA 
filament for printing. The extruders and heated print bed were set to 210°C and 50°C, 
respectively. The SolidWorks file was configured in the print space so that the base 
lay flush to the bed to ensure no supports were needed for the suture indentations. A 
raft was utilized for optimal adhesion due to the buttress’ 2mm height. Print was 
cooled on platform and then removed.  
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Figure 6.4: Makerbot Replicator 2x. Image obtained from www.makerbot.com. 
 
 
 
6.3.2 Buttress Suture Retention Testing 
 Five coated and uncoated samples 14x45mm were prepared as previously 
described. The buttress was fastened to the textile with 3.0 Ethibond simple sutures at 
each of the three anchors as seen in Figure 6.5, ensuring the buttress laid flat against 
the textile allowing the suture to pinch the suture notches. Due to an Ethibond simple 
suture failing, a single FiberWire suture was passed through the central buttress 
opening, as seen in Figure 6.5. The same testing method as previously described was 
used to determine pull off strength. The final construct is seen in Figure 6.6. The 
suturing method was repeated for five coated and five uncoated knits. The same 
buttress was used until indentation marks were seen in any of the four openings; 
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however, only the central opening experienced depressions caused by previous tests 
(Figure 6.7).  
 
 
 
              
Figure 6.5: Suture configuration for suture buttress retention. 
 
FiberWire 
Ethibond 
Buttress Anchors 
Central Opening 
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Figure 6.6: Suture retention testing set up for suture buttress. 
 
 
 
 
Figure 6.7: Example of buttress indentation marks. 
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 Due to the anchoring sutures force distribution, a buttress control was run with 
five uncoated samples. Three simple Ethibond sutures were passed in the locations of 
the anchoring sutures and tested until failure (Figure 6.8).  
  
 
 
 
Figure 6.8: Buttress control Ethibond suture configuration. 	  	  	  
6.4 MATLAB Analysis 
6.4.1 Tensile Testing Code 	   Exported tensile raw data was imported into MATLAB for analysis. A 
function was created which imported data and separated and smoothed load and 
displacement data sets. Due to negative displacements, an offset was used so the first 
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displacement value was zeroed. A thickness value matrix was included in the function 
and the cross sectional area was determined by the thickness and width of the sample. 
The function input included specimen number and textile type (coated or uncoated) to 
ensure the correct thickness values were pulled for each specimen run through the 
function. The engineering stress was calculated by dividing the point loads by the 
calculated area. The engineering strain was also calculated by dividing the point 
displacements by the grip separation of 30mm.  
	   The elastic modulus of the material was calculated by averaging the change in 
stress divided by the change in strain values of the linear region. The data was 
truncated from initial negative displacements to ultimate load. The linear region was 
defined as 40-80% of truncated data. The ultimate stress and failure strain was 
determined as the maximum stress of the data set and the associated strain. The 
function then exported a structure, which included the stress, strain, elastic modulus, 
ultimate stress and failure strain for additional statistical analysis.   
6.4.2 Buttress Code 
 Exported suture retention raw data was imported into MATLAB for analysis 
including the uncoated and coated simple suture, uncoated and coated buttress and 
buttress control suture retention data. A function was created to import and separate 
load and displacement data. The displacement data was again offset to begin at zero. 
Peaks were determined based on a prominence of one. The function outputted a 
structure including the total number of peaks, equating to the number of microbreaks, 
the maximum load, maximum load displacement, the first peak load, the first peak 
displacement, and the percentage of the first peak to the maximum peak.  
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6.4.3 Statistical Analysis 
 Statistical analysis was run in MATLAB. In order to determine normal 
distribution a Jarque-Bera test was run. Based on the acceptance of the null 
hypothesis of normal distribution, a two-sample t-test assuming equal variance was 
run on all coated and uncoated calculations. A one-way ANOVA was also run on the 
buttress control, uncoated buttress and coated buttress.  
CHAPTER 7: RESULTS 
7.1 Textile Analysis 
7.1.1 Textile Coating 
 Scanning electron microscope (SEM) images were taken of the uncoated 
textile as seen in Figure 7.1 A. In order to ensure the PGS coating successfully 
covered the knit, the same SEM images were taken after curing, as seen in Figure 7.1 
B. The characteristic multifilaments of the Secant Medical® Knit Mesh are 
distinguishable in the uncoated images; however, a coating is present which fills in 
void space of the multifilaments creating a monofilament like structure in the coated 
images. This becomes more apparent as magnification is increased. Figure 7.2 also 
shows slight clumping of coating indicated by the black circles. Dip coatings resulted 
in a fully covered PGS layer; however, quantification of coating thickness was not 
explored. 
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Figure 7.1: SEM images of scoured, uncoated (A) and coated (B) knit at x120 (top), x650 
(middle) and x1500 magnification (bottom). 
 
       A      B 
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Figure 7.2: Coated (left) and uncoated (right) knits at x130 resolution with visual clumping. 
 
 
 
7.1.2 Textile Tensile Results 
 The raw stress versus strain graphs were plotted to visualize the failure 
characteristics and overall curve shape. As seen in Figure 7.3, the curve was relatively 
linear with an initial stress increase. Slight disturbances could be seen in the uncoated 
textile as it approached the peak load whereas the coated textile experienced a smooth 
break. These disturbances were expected to be greater due to the observed breakage 
characteristics. While testing, the uncoated textile appeared to break starting from the 
outside filaments until the textile was too thin and then failed. The coated textile 
however had a clean break across all filaments. The SEM images of the coated and 
uncoated textile (Figure 7.4) show the point of failure and illustrate the breakage 
patterns. The uncoated has a non-uniform break across the sample with individual 
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filaments frayed at the ends. The coated textile, however, has the multifilaments 
grouped together into larger bundles with one clean break.  
 
 
 
	  
	  
Figure 7.3: Stress vs. strain plot of coated (red) and uncoated (blue) knit samples with 
outlined window magnified below. 
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Figure 7.4: SEM image of uncoated (A) and coated (B) tensile break at x37 (top) and x140 
(bottom) magnification. 
 
 
 
 A non-linear disturbance of the curve is seen at 15% strain (Figure 7.3). 
Figure 7.5 and 7.6 displays a magnified non-linear region for the uncoated and coated 
samples, respectively. This region is shifted slightly lower in the coated samples, 
between 0.11 and 0.17 strain. Due to the relatively consistent region across specimens 
and decrease in stress across the region, this anomaly was determined to be associated 
with the knit settling into the grip, possibly resulting in sample slippage.  
                  A                                        B                                
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Figure 7.5: Non-linear disturbance of tensile stress vs. strain plot for uncoated knit textile. 
 
 
 
 
Figure 7.6: Non-linear disturbance of tensile stress vs. strain plot for coated knit textile. 
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 The elastic modulus was calculated and truncated as described in section 6.5.1 
(Figure 7.7 & Figure 7.8). Values from the MTS as well as the linear region 
determined in MATLAB are presented in Table 7.1. The modulus for the uncoated 
and coated textiles was 213±6 and 227±10 MPa, respectively (P<0.005). Ultimate 
stress values were greater for coated compared to uncoated (P<0.05) textile samples. 
The failure strains for both uncoated and coated samples were between 0.48±0.03 and 
0.49±0.02 (Table 7.2). 
 
 
 
 
Figure 7.7: Example of truncated tensile stress vs. strain curve (blue) and elastic modulus 
linear calculation region (red).   
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Figure 7.8: Elastic Modulus of the uncoated and coated knits. 
 
 
 
Table 7.1: Mean modulus and standard deviation for coated and uncoated knits from MTS 
system and calculated MATLAB linear region (with corresponding strain) as well as mean 
thickness values.  
MTS Results MATLAB Calculation 
n=8 Uncoated Coated Uncoated Coated 
Mean 
Modulus±  Std. 
Dev. (MPa) 
218±7 232±14 213±6 (20%-36%) 
227±10  
(20%-36%) 
P value   0.0038 
Mean Thickness 
(mm) 0.24 0.27 
  
P value 9.04x10-6   
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Table 7.2: Ultimate stress and failure strain of uncoated and coated textile. 
n=8 Uncoated Coated P value 
Ultimate Stress 
(MPa) 80.8±2.4 89.2±7.1 0.007 
Failure Strain 0.48±0.03 0.49±0.02 0.335 
 	  	  
7.1.3 Textile Suture Retention Results 
 Suture retention testing resulted in Force vs. Displacement curves with 
multiple peaks, or micro breaks (Figure 7.9). The mean peak load, the main indicator 
for pull out strength, was 19.2±1.8 N and 21.7±1.0 N for uncoated and coated, 
respectively (P <0.05). The maximum load displacements were not significantly 
different. The total number of micro breaks, which leads to compromised textile 
integrity, was 9.2±1.9 and 6.4±1.5 for uncoated and coated respectively (P <0.05). 
The first uncoated micro break occurred at 14.0±1.6 N and 1.80±0.22 mm, with the 
first coated occurring at 19.6±2.2 N and 2.82±0.28 mm (P<0.005) as seen in Table 
7.3. 
46 
	  
 
	  
Figure 7.9: Examples of uncoated (top) and coated (bottom) suture retention Force vs. 
Displacement graphs. The max load is indicated with a star and additional peaks indicated 
by a circle. The curve before and after the max load is red and blue, respectively.  
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Table 7.3: Uncoated and coated peak loads and displacement, first peak load and 
displacement, percentage of first peak to max peak, and total peak number including 
standard deviations and t-Test p-value for each respectively. 
n=5 Uncoated Coated P value 
Mean Total Peak Number  
±  Std. Dev.  9.2±1.9 6.4±1.5 0.034 
First Peak Displacement (mm) 1.80±0.22 2.82±0.28 2.0x10-4 
First Peak Load (N) 14.0±1.6 19.6±2.2 0.002 
Peak Load Displacement (mm) 4.3±1.1 3.8±0.9 0.481 
Mean Peak Load ±  Std. Dev. 
(N) 19.2±1.8 21.7±1.0 0.022 
 	  	  
7.2 Buttress Suture Retention 
 Compared to the textile suture retention, the buttress incorporation increased 
the number of micro breaks as seen in Figure 7.10. Control suture, uncoated buttress 
and coated buttress resulted in 9.4±1.8, 32.8±5.0 and 24.6±8.3 total peaks 
respectively (P <0.05). The mean peak load also substantially increased to 47.0±4.8, 
71.6±3.8 and 72.6±3.4 N for control suture, uncoated and coated buttress respectively 
with corresponding displacements of 3.4±0.8, 13.6±1.4 and 10.9±3.5 mm (P <0.05), 
as seen in Table 7.4. The first peak displacement for all three groups fell between 2.7 
and 3 mm while the first peak load resulted in 41.8±2.8, 25.2±9.3 and 29.1±7.5 N for 
control, uncoated buttress and coated buttress respectively (P<0.05).  
	  
48 
	  
	  
	  
	  
Figure 7.10: Examples of control (top), uncoated buttress (middle) and coated buttress 
(bottom) suture retention Force vs. Displacement graphs. The max load is indicated with a 
star and additional peaks with a prominence of 1 indicated by a circle. The curve before and 
after the max load is red and blue respectively.  	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Table 7.4: Uncoated control and uncoated and coated knit peak loads and displacement, first 
peak load and displacement, percentage of first peak to max peak, and total peak number 
including standard deviations and ANOVA p-value for each, respectively.  
n=5 Control Uncoated Buttress 
Coated 
Buttress 
ANOVA 
P value 
Mean Total Peak 
Number ±  Std. Dev.  9.4±1.8 32.8±5.0 24.6±8.3 1.03x10
-4
 
First Peak 
Displacement (mm)  2.7±0.1 2.5±0.6 3.0±0.4 0.234 
First Peak Load (N) 41.8±2.8 25.2±9.3 29.1±7.5 0.0073 
Peak Load 
Displacement (mm) 3.4±0.8 13.6±1.4 10.9±3.5 2.68x10
-5
 
Mean Peak Load ± 
Std. Dev. (N) 47.0±4.8 71.6±3.8 72.6±3.4 3.79x10
-7
 	  	  	  
CHAPTER 8: DISCUSSION 
8.1 Aim 1 Discussion 
 Consistently coated PGS covered textiles were achieved through the dip 
coating method; however, thickness consistency across a sample was not quantified. 
Due to the higher standard deviations seen in tensile testing as well as visual 
inspection, it is concluded that although fully covered, the PGS coating was not 
consistent across the textile and across samples. The stress strain curves of the coated 
and uncoated mesh did not exhibit the characteristic toe region of a knit and tendon. 
Most likely the strain rate was too high, therefore missing the toe region. Although 
Lake et al performed testing at a rate of 0.1%/s to ensure the presence of the tow 
region [9]; however, the strain rate was kept at 10mm/min in order to mimic the 
Chaudhury et al study [27]. 
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 The PGS coating resulted in a statistically significant increase in elastic 
modulus. This increase is likely due to the coating creating a monofilament like 
structure by binding the yarn filaments into a continuous fiber structure. 
Characteristically, monofilaments are stronger than multifilament fibers. The 
microbreaks of the uncoated knit compared to the smooth break of the coated textile 
demonstrates this theory in the mechanical profile of the material. Compared to 
commercially available grafts, both the uncoated and coated textiles resulted in 
modulus values three times greater than the strongest graft, Restore [27]. The 
modulus values also correspond to the posterior insertion site of the SST as reported 
by Matsuhashi et al [10]. This demonstrates that the construct’s material properties 
are similar to native tissue and exceed the mechanical properties of currently used RC 
grafts. 
8.2 Aim 2 Discussion 
 The PGS coating also resulted in a statistically significant increase in suture 
retention, with both the coated and uncoated textiles exhibiting values greater than 
Chaudhury’s reported 16.38 N for SportMesh [27]. Through peak analysis, the coated 
first peak occurred at both a higher load and displacement than the uncoated. 
Microbreaks result in material weakening, as demonstrated by the drop in force. A 
larger force and strain at the first microbreak would benefit the structural integrity of 
the construct. Although fatigue or cyclic testing was not performed, the onset of the 
microbreaks demonstrates the material’s resilience. As a dynamic environment, the 
shoulder experiences forces below the failure force. Over time a material that is 
compromised from microbreaks will eventually fail at a lower maximum force. The 
51 
	  
number of microbreaks for the coated textile was significantly less than for uncoated, 
which suggests a better clinical outcome when factoring in use and fatigue.  
 The suture buttress successfully met the design criteria and shows promise for 
the mechanical augmentation and increased suture retention of Secant Medical® Knit 
Mesh. Both the coated and uncoated suture buttress significantly increased the 
number of microbreaks compared to the control (three simple sutures). Although this 
increase in microbreaks reduces the integrity of the construct, the first microbreak 
force was greater for the buttress trials compared to the maximum loads of the simple 
sutures. The buttress augmentation therefore improved the suture retention strength 
compared to the non-augmented simple sutures. All three trials resulted in similar 
first microbreak displacements, but the control’s first microbreak was significantly 
greater than the buttresses’. Although this suggests the control’s integrity to be 
superior to the buttress constructs, the peak loads of the buttresses were significantly 
different from the control at approximately 72 N, which far exceeded the buttress 
design criteria of 30.22±7.88 N [27]. The failure displacements for both buttresses 
were significantly greater than the control potentially due to the buttress allowing 
additional stretching compared to the three simple sutures.  
8.3 Limitations and Future Applications 
 Although the design resulted in an increase in maximum load, it is still below 
physiological demands of approximately 180 N [19] [28] [29]. Although 
postoperative loads do not reach 180 N, constructs able to withstand such forces 
maximize the chance of tendon healing without gap formation between the construct 
and the insertion site [19]. The material values calculations were also outside of the 4-
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8% strain range before macroscopic failure in tendons [13]. The purpose of the study 
was to classify material properties as reported in Chaudhury et al [27]. Clinical strain 
resulting in RC tear is not well defined or considered in current graft repair testing. 
 The design was limited in the addition of the suture anchors causing additional 
labor and time during surgery. Future work would aim to remove the anchors and 
incorporate the buttress into the knit manufacture process as well as conduct cyclic 
testing to determine the predictive value of microbreaks on fatigue. In addition, future 
work would aim to better classify the PGS coating amount and coverage, the 
degradation of both the PET and PGS, and the inflammatory response and cellular 
attachment.  
CHAPTER 9: CONCLUSION 
 The designed buttress successfully increased the suture retention of a 
unagumented knit, critical to clinical success for tendon grasping and reinsertion to 
the bony footprint. The final design was optimized to minimize the numbers of 
anchors to decrease surgeon suturing and overall surgery time. The mechanical 
properties of the graft were enhanced through the addition of an elastomeric coating 
composed of PGS. In conclusion, the two-part construct consisting of a suture 
buttress and a PGS coated knit mesh demonstrated utility in RC repair applications.  
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